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ABSTRACT: Pure carbon clusters have received considerable attention for a long time.
However, fundamental questions, such as what the smallest stable carbon cluster dication
is, remain unclear. We investigated the stability and fragmentation behavior of C,** (n =
2—4) dications using state-of-the-art atom probe tomography. These small doubly
charged carbon cluster ions were produced by laser-pulsed field evaporation from a
tungsten carbide field emitter. Correlation analysis of the fragments detected in
coincidence reveals that they only decay to C,_,* + C'. During C,>* — C* + C¥,
significant kinetic energy release (~5.75—7.8 eV) is evidenced. Through advanced
experimental data processing combined with ab initio calculations and simulations, we
show that the field-evaporated diatomic '*C,** dications are either in weakly bound °I1,
and 3Zg_ states, quickly dissociating under the intense electric field, or in a deeply bound
electronic %, state with lifetimes >180 ps.

S ince first detected in the tail of a comet in 1882," pure Owing to the strong covalent bond and extraordinary
carbon clusters have attracted considerable attention from stability, fullerene ions Cg?" have been studied the most
physicists and chemists, which has translated into a vast extensively among the broad family of carbon clusters.'* Much
amount of literature.””” Carbon is one of the most abundant work has been done to determine the highest charge state that
elements in the universe. Large to giant carbon clusters such as Cg"" can reach before it becomes unstable. Cy4** and Cyp**
tullerenes, carbon nanotubes, and graphene are materials with were observed in the early 1990s.'>'® Later, intact cations with
rare_ Sc_olrglbinations of mechanical and funct.tior.lal proper- q up to 7 and 10 were generated using electron impact'’ and
ties.™ In turn, small carbon clusters play significant roles ion impact'®"? for ionization. Cg'>* produced by infrared
in combustion, astrophysics, and nuclear and plasma radiation®® is the most highly charged stable Cg, cation

physics.””'" Besides their importance in numerous techno-
logical applications, carbon clusters are also highly valuable to
basic theoretical research. C atoms can attain three different
hybridizations, that is, sp, spz, and sp3, which give rise to
different types of C—C bonds and clusters with different
structures, including linear chains, rings, 2D planes, 3D
networks, and cages.” They provide a unique opportunity to
gain deep insights into cluster structure and chemical bonding
between atoms.

In 1933, L. Pauling discussed the stability of doubly charged
helium dimer ions, He,*,'” which has opened up a new
perspective for understanding bonding and electronic proper-
ties of clusters. The stability of a charged cluster reflects the
balance between the ionic Coulomb repulsion between the
nuclei and the cohesion brought by the electrons. For a specific
cluster, the amount of charge it can carry without being torn

reported so far. Theoretically, the Coulomb stability limit of
Cgo?* was predicted to be g = 18”"*% or q = 14”*7*° using a
conducting sphere model or density functional theory (DFT).

In contrast, information on highly charged small carbon
clusters is much scarcer. Fundamental questions, such as what
the smallest stable carbon cluster dication is, remain unclear.
Hogreve et al. performed a series of accurate multireference
configuration interaction (MRCI) calculations on C,**,*’
C»,* €20 and C*%%° They found that C,2*, C;**, and
C,2* are all metastable in their lowest electronic state, and C¢**
is the smallest carbon cluster ion exhibiting thermodynamic
stability against charge separation.’’ Diaz-Tendero et al.
reached the same conclusion by means of DFT and coupled-
cluster (CC) theory simulations.”’ Wohrer et al. produced

apart is limited. Similarly, for a particular charge state, only the Received: November 13, 2018
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Figure 1. (a) Illustration of the experimental setup and a cluster ion fragmentation process. (b) Mass spectrum of carbon ions detected as single
hits (black) or multihits (red) obtained from a cemented tungsten carbide sample.

both long-lived and excited C¢** ions by high-velocity
collisions of 10 MeV C,* ions with a He target.”” They
observed that conversely to metal cluster ions, whose dominant
fission channels are those giving rise to almost symmetric
fragments, the C;** ions mainly decay to C,* + C*.** There is
also experimental work reporting the detection of the C,** (n =
2—4) cluster ions using time-of-flight (TOF) mass spectros-
copy,” ™ but the stability and fragmentation dynamics of the
clusters have not been explored in detail.

Here we focus on the metastability of the three smallest
carbon cluster dications, that is, C,>* n = (2—4). We conducted
a detailed experimental investigation combined with ab initio
calculations and simulations of the flight of ions from the
emitter to the detector. Instead of using the above-mentioned
conventional ionization methods, we applied laser-assisted field
evaporation to produce C,?*, C;**, and C,** dications. Field
evaporation is a process whereby the surface atoms of a field
emitter, here a sharp needle of tungsten carbide, are desorbed
and ionized under the effect of an intense electric field in the
range of 10" Vm™. Because the cluster ions are formed
directly on the surface of the emitter upon desorption rather
than by interaction with other energetic particles such as
electrons, ions, and photons, the only source of their internal
energy comes from the emission process itself. This is an
advantage of our method.

The experiments were carried out using a straight-flight-path
local electrode atom probe (CAMECA LEAP 5000 XS). Figure
la illustrates the basic setup typically used for atom probe
tomography (APT) experiments. The field emitter with a tip
radius, r, <100 nm was held at a high positive voltage, V4, on

the order of 3—10 kV in an ultrahigh vacuum chamber (107"

_ . Vi
to 107" mbar). As a result, a strong electrostatic field F = j
f
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is created at the emitter surface. K; is referred to as the
geometrical field factor. It is mainly dependent on the shape of
the field emitter and the electrostatic environment.***” During
experiments, V4. was adjusted dynamically according to the
current tip radius so that the strength of the electric field, F,
was always slightly lower than that required for field
evaporation. Subsequently, picosecond laser pulses were sent
to the apex of the emitter to stimulate and time control the
field evaporation process. Laser-pulsed field evaporation is a
thermally activated process. After the interaction with the laser
beam, the temperature of the emitter apex can increase up to a
few hundred Kelvin.”®*’ High-temperature field evaporation
leads to the appearance of cluster ions.”” Then, it was rapidly
cooled to the base temperature before the next laser pulse to
prevent overheating and uncontrolled field evaporation under
the electrostatic field alone. In our experiments, the base
temperature of the emitter was set to 60 K. The time interval
between the pulses was 4 ps, and the cooldown period of the
emitter was estimated to be <6 ns based on the TOF spectrum.
On the contrary, although the temperature elevation was
relatively large, it only corresponded to a few vibrational
numbers for C,** and remained small with respect to the
ground-state dissociation barrier of larger clusters, which is a
favorable situation to study the Coulomb instability without
possible bias induced by the large-amplitude vibrational
motion and deformation associated with some excess internal
energy. The local electrode (LE), placed ~40 ym ahead of the
emitting tip, was grounded to produce a well-defined, confined
electric-field distribution near the emitter, which dropped
rapidly toward the LE. By this electric field, the emitted ion
was accelerated and projected onto a position-sensitive
detector, where its TOF could be determined as the time
period between the emission of the laser pulse and the
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moment the ion hit the time-resolved detector. The TOF was
then converted into a mass-to-charge state ratio for elemental
and isotopic identification. The detector used in the atom
probe was a delay-line detector. It consisted of a stack of
microchannel plates for signal amplification and three delay
lines to enhance multihit detection capability,*' that is, when
more than one ion was generated by the same pulse. This
multihit capability underpins the detection of the fragments
from the dissociation of a cluster ion, and thus its complex
decay dynamics can be determined by coincidence mapping.
However, upon each ion impact, the propagation of signals
along the delay lines causes a detector “dead time” and “dead
zone”, which could lead to the specific loss of certain ions.
Consequently, the multihit was recorded as a single hit or the
multiplicity of the hit, that is, the number of ions included in
the multihit, would be underestimated. This issue is known as
detector pile-up.*” In another publication,* we closely studied
the performance of the applied atom probe instrument on the
multihit detection for C. The effects of the detector pile-up on
this work are not critical.

Figure 1b shows experimental mass-to-charge state spectra
of carbon ions detected as single hits (black) or in multihits
(red) obtained from a tungsten carbide sample. In this
experiment, we detected the multihits with a multiplicity up to
10. The relative occurrence frequency decreased with
increasing multiplicity. 75.6% of them were double events,
and 19.9% were triple events. Only <1% events had a
multiplicity of 9 or 10. The multihit spectrum in Figure 1b
contains carbon ions from all multihits, which are within either
the C—C- or the C—W-type ion pairs. The C—W ion pairs,
constituting 93.3%, are mainly formed due to correlated
evaporation, that is, the sympathetic evaporation of adjacent
atoms following the evaporation of a first atom.”* The C—C
ion pairs, constituting only 6.7%, are from either correlated
evaporation or cluster dissociation, which we will discuss in
this work. The relative contribution of cluster dissociation is
small, but it can be easily separated from the nondissociative
event because of the particular correlation on the mass-to-
charge state ratios of the fragments.

Comparing the multihit spectrum with the single hit
spectrum indicates that most of the carbon ions were detected
as part of multihit events. This is common for the APT analysis
of carbides® and is not limited to tungsten carbide. Carbon
requires a high electric field for field evaporation, which may
cause its retention on the emitter’s surface and promote the
formation of clusters.”” Here we found atomic species,
including C* and C*', and cluster species, including C,,
C,*, C5%, C4*", and C,*". Because of the overlaps of the C" and
C," peaks with the C,>" and C,*" peaks, respectively, it is
difficult to estimate their relative abundances accurately from
the mass spectrum itself, but their existence can be confirmed
from the detailed correlation analysis of the multihit events.
The known natural 2C/"3C abundance ratio is 92.42.*° In our
measurement, the abundance ratios between the 6 and 6.5 Da
peak are 90.56, 103.85, and 89.02 for overall, single, and
multihit event mass spectra, respectively. As we discussed in
another publication,43 some 2C?*—12C** multihits were
incorrectly detected as single '>C** hits when two '>C** ions
impacted the detector at nearly the same time and same
position. Therefore, the >C** (6 Da)/"*C** (6.5 Da) ratio
measured in multihit and overall events is slightly lower than
the natural abundance ratio, whereas for single-hit events, the
opposite was observed. Besides, there is no clear indication of
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the formation of CH-type ions. Such species are frequently
observed in APT analyses of organic samples*”** but are very
rare in metal carbides.’>"” If there was a substantial
contribution of CH?*" to the 6.5 Da peak, then the abundance
ratio of 6 Da/6.5 Da peak would be strongly shifted, which is,
however, not the case.

Previously, Liu and Tsong also applied pulsed-laser-
stimulated field evaporation and TOF mass spectroscopy to
analyze carbon clusters. They observed carbon clusters
consisting of up to 11 ions and showing a charge state of up
to 3+.°* Here we generated only small carbon clusters, arising
from the distinctly different experimental conditions. We
employed a tungsten carbide field emitter instead of graphite.
Furthermore, Liu and Tsong applied a 337 nm wavelength, 50
#J pulse energy, and 300 ps pulse width laser pulse, whereas we
utilized a 355 nm wavelength, 120 pJ pulse energy, and ~10 ps
pulse width laser pulse. The increase in the temperature of the
emitter is expected to be proportional to the peak power,
which is five orders of magnitude smaller in our case. In
addition, the position-sensitive detector has a good multihit
capability, which allows us to register information about
multiple fragments formed during the dissociation of a
molecular ion. The differences in their TOF and hit positions
can thus be analyzed to gain insights into the fragmentation
process, especially the lifetime of the parent molecular ion.

Metastable cluster ions dissociate during their flight to the
detector and give rise to multihits. The 12 and 24 Da peaks in
the multihit mass spectrum are wider than those in the single
hit mass spectrum. The C;* peak is also more clearly visible.
These are indications of cluster ion dissociation. In APT, the
measured mass-to-charge state ratio of an ion, m’, is calculated

k&

L
where L is the length of the flight path (here ~100 mm). For
fragments resulting from in-flight dissociations of cluster ions,
their TOF values and thus their measured mass-to-charge state
ratios differ from their counterparts directly emitted from the
emitter’s surface. Consider, for example, the fragment A™ from
the dissociation process AB*/* — A™ + B/* sketched in Figure
la. Following the assumption of instantaneous acceleration
suggested by Saxey’ and taking into account the kinetic
energy release (KER) resulting from the fragment repulsion,
we can deduce the measured mass-to-charge state ratio, m,’

1 I /
/=i+—ﬂd+2cos9A iy—A
LON Mag LON LONRION (1)

where m, and m,g are the true mass-to-charge state ratios of

A" and AB™, respectively. f; = U;]Ud (0 < B4 <1) describes

the difference between the potential, U, at the emitter surface
and the potential, Uy, at the position where the fragmentation
takes place. The potential Uy is uniquely defined by the
lifetime of the parent molecular ion, the applied voltage, and
the initial conditions of the parent molecular ion, that is, its
momentum and the position on the specimen’s surface. 8, is
the angle between the Coulomb force, F,;, and the local electric
f—?], where K, is the KER
provided to A™. A similar equation can also be obtained for
fragment B/*. We provide a detailed derivation of eq 1 in the
Supporting Information (SI).

The deviations in mass-to-charge state ratio produce
dissociation tracks in the multihit coincidence map®' or,

2
from its TOF value, t; using the equation m’ 2eV:k( ) )

field generated by the tip. y, =
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more specifically, ion-correlation histogram,’® where the
measured mass-to-charge state ratio of a hit is plotted against
the measured mass-to-charge state ratio of another hit within
the same multihit event. Figure 2 shows the ion-correlation
histograms for C,** (a), C;** (b), and C,** (c) dications.
There is only one particular dissociation track for each species.
With the help of eq 1, we can unambiguously identify the
dissociation channels from the tracks, which are C,** — C* +
C', C** - C" + G, and C** —» C' + C;" respectively.
Previous theoretical work also indicates that the energetically
favorable dissociation channel for these small carbon cluster
dications C,2* (n = 2—5) is C,_,*/C*,**° and a previous
experimental study on C** is in good agreement with this
theoretical prediction.”” Irrespective of the low detectability of
neutrals in APT, tracks of dissociation channels that result in
neutral fragments can also be identified using ion-correlation
histograms.>” Here dissociation channels with neutral fragment
emission, that is, C,_,>*/C, C,_,/C*, and C,_,**/C,, are not
observed.
The red lines in Figure 2 are plotted according to

=1_(1_

which is just eq 1 without the KER term and after elimination
of the parametric f; dependence. According to eq 1, three
parameters play a role, namely, the magnitude of the KER
itself, that is, K}, the lifetime of the cluster ion, that is, B4, and
the orientation of the cluster ion, that is, 8,. With the increase
in the cluster ion lifetime, the impact of the KER becomes
more and more distinct. For C;** — C* + C,*, the complete
track aligns well with the red line, which is likely because the

-1
!
My N ]mB — Myp

!
mg My )My — Mg

@)

cluster axis is perpendicular to the electric field, that is, 6, = g,

or the KER itself is small. For C/>* — C* + C,', we can
observe a small offset near the point (mcn, mcn), that is, the

place where the impact of the KER is expected to be most
distinguishable. Both dissociation tracks of C;** — C* + C,*
and C,;>* —» C" + C;* are long, extending from the point of
(mc, mc,) to (mc, mc,_ ), but with higher intensity at the (mc,
mc,) extremity. This means that the majority of C;** and C,**

ions dissociated relatively late; that is, their characteristic
lifetimes are comparable to the TOF range of our
spectrometer. The TOF is ~400 ns for C;** and ~S500 ns
for C,2*, depending on the acceleration voltage. As a whole, the
proportion of the C;*" and C,*" ions that dissociated is large,
suggesting that the actual lifetimes of these species are
significantly longer than the TOF and beyond the microsecond
range. This is consistent with a previous observation of C;**
ions with TOF >20 ps.**

For homolytical dissociation of dications with an even
number of carbon atoms such as C,** and C,*, that is, C,,>"
— C," + C,", the true mass-to-charge state ratios of the two
fragments, C," and the parent ion, C,,*, are the same, and
thus the KER is the only cause of a difference in the TOF,
which translates into a difference in the measured mass-to-
charge state ratio, Am, between both fragments, giving rise to a
dissociation track in the ion-correlation histogram. Because in
this case 0, + O = 180°, that is, cos(d,) = —cos(f;), we can
eliminate the KER and angle dependence from eq 1 to get
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Figure 2. Cluster fragmentation tracks observed for (a) C,** — C* +
C*, (b) C;** = C* + C,*, and (c) C,** —» C* + C;". The green line in
panel a corresponds to eq 3, and the red lines correspond to eq 2. In
panel a, a color map indicating the intensity of the counts is included.
The intensity of counts along the track is related to the time
probability of dissociation, although not in an unequivocal bijective
way.
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In Figure 2c, there is no obvious dissociation track
corresponding to C,** — C," + C,", either because the KER
is too small to induce a noticeable difference in the measured
mass-to-charge state ratio of the two C,* fragments or simply
because this type of dissociation is not energetically favorable
and thus did not occur, as theoretically predicted.””*' In
contrast, in Figure 2a, the dissociation track of Lo o ey
2C" is very intense, implying a strong KER. The green line in
this figure represents eq 3.

As Figure la illustrates, the KER induced by the repulsive
Coulomb forces also causes divergences in the ion trajectories
of the fragments (AR), which should negatively correlate with
the difference in their measured mass-to-charge state ratios
(Am). The relationship observed for 2C,** — 2C* + 2C* is
plotted in Figure 3a. Surprisingly, we can see two series of
events. The first one leads to larger deviations in the measured
mass-to-charge state ratio of fragments, whereas the second
one results in larger distances between them. To better
understand the dissociation process, we conducted a series of
ab initio calculations to identify the bound states of '2C,*" that
are able to dissociate by means of intersystem crossing due to
spin—orbit coupling (SOC). Our calculations to obtain the
potential energy curves (PECs) closely follow the MRCI
calculation by Hogreve.”” According to these calculations,
12C,** has three metastable states, namely, % 323_, and 1Ag.
The %, state has a deep potential energy well, with a large
number of bound ro-vibrational states. Additional MRCI
calculations taking into account a uniform static electric field
show that the °X,” state is the only state able to resist the large
electric field in the vicinity of the specimen’s surface. Details of
the MRCI calculations are summarized in the SI. An eflicient
fragmentation channel for the °X,” state is the intersystem
crossing due to SOC with the °I1, states. We have computed
the lifetimes by means of perturbation theory using the method
described in ref 53. In brief, the SOC lifetime for a given

u )
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vibrational level is calculated from the vibrational wave
function obtained from the MRCI potential energy curves
and using a separate evaluation of the SOC matrix element, as
described in the SI. Subsequently, we simulated the
dissociation process of '*C,** along the °II, PEC using an
idealized atom probe,*** whose geometry is sketched in
Figure la. Both the tip of the field emitter and the LE are
mimicked using a confocal paraboloid following the method
given in ref 53. The electric field at the tip apex was set at 46
V/nm, which is comparable to the electric fields applied in
experiments.”” The original *C,** ions were randomly
oriented with respect to the electric field. The distance
between the two '*C* fragments at the dissociation time is
taken in such a way that the potential energy on the *II, PEC
equals the sum of the electronic and vibrational energies of the
initial state for each vibrational state, v = 0—4.

Figure 3b shows the relationship between the measured
mass-to-charge state ratio difference, Am, of the two 2C* jons
and their distance, AR, on the detector obtained from the
simulations. For the first series of dissociation events, the
lifetimes of '>C,** ions are governed by the intersystem
crossing between the %, and °[l, electronic state. The
shortest lifetimes, linked to the lowest-energy vibrational states,
are >180 ps, and the corresponding KER is >5.75 eV. The
dissociation distance ranges from 6 X 10* to 4 X 10° nm for the
dissociation times, fp, included in Figure 3b. As Figure 3b
demonstrates, the exact position of the dissociation track is
insensitive to the lifetimes of the cluster ions but depends on
the KER. As the KER increases with the vibrational number, v,
the impact distance, AR, on the detector progressively
increases.

The second series of dissociation events observed in Figure
3a is well reproduced by a dissociation of the X, toward to
the 31, states or a direct dissociation of the *II, state, with a
distribution of KER ranging from 5.75 to 7.75 eV. The ground
state 328_ has a long radiative lifetime by coupling with the *II,,
state.”” However, the presence of the large electric field near

the emitter’s surface efficiently couples the 3Zg_ state with the
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*[1, state, leading to a quick dissociation in a time <1 ps.
According to the postionization mechanism proposed by
Kingham,® the 2C," ions are supposed to leave the surface of
the emitter in their ground state, 4Zg_, and then are ionized by
electron tunneling to form one of the three lowest electronic
states, that is, *X,~, I, and 3Zg_. If the probabilities of
removing electrons from different orbitals were the same, then
statistically, the abundance ratio would be 5:6:3 for
5Zu_/3Hu/3Zg_. This purely statistical ratio is not observed
here, which may be due to the influence of the detector pile-
up.”’ When the mass-to-charge state ratio difference of the
successive '*C," ions in a multihit event is smaller than ~0.3
Da, which is exactly the case of the second dissociation event,
the detector will very likely only detect one of them. In
addition, on the basis of Kingham'’s work,® the critical distance
for ionization, where the postionization probability peaks, can
be calculated. Using the work function of WC (3.6 eV)*” and
the ionization energy of C,* (22.48 eV),”! Kingham’s theory
predicts that all C,* will be postionized into C,>* at an
electrostatic field >14 V nm™". The time necessary to reach the
critical distance at this field is in the range of 0.25 ps and could
be considered as the lifetime of the C," ion. This result is
remarkably consistent with the simulation hypothesis.

In summary, we demonstrated for the first time the
metastability of the three smallest carbon cluster dications
C,2* (n = 2—4) from both experiments as well as theoretical
calculations and simulations. We evidenced that the energeti-
cally favorable dissociation channel for them is C,_,*/C". For
the C;2* and C,** species, we cannot obtain accurate lifetimes
values from our experiments. The relatively large proportions
of the nondissociated clusters suggest that their lifetimes
extend beyond the microsecond range. For the C,** ions, the
experimental observation reveals that the tightly bound °%,~
and the quickly dissociating *I1, and 3Zg_ electronic states are
populated. The lifetime of the metastable °X,” state ranges
from 0.2 to 12 ns depending on the vibrational state. The
distinctly different lifetimes of the *X,~, on the one hand, and
of the *I1, and 3Zg_ states, on the other hand, lead to different
degrees of divergence in their TOF and trajectories during
APT analysis. These results support the postionization theory
proposed by Kingham. The analysis reported here is not
limited to tungsten carbide sample and small carbon cluster
ions. Laser-assisted field evaporation can provide ready access
to diverse types of molecular cations, which can already be
noticed from literature. For instance, in the analysis of
oxides,* %% carbides,>>***° and nitrides,**>* "> oxygen,
carbon, nitrogen, as well as (non)metal—oxygen, (non)metal—
carbon, (non)metal—nitrogen cluster cations were observed.
Large organic molecular ions were detected when measuring
biological materials.*”** Combining this distinct strength with
the time-resolved, position-sensitive detector equipped in APT
opens a powerful way to study the stability and complex decay
dynamics of multiply charged polyatomic ions.
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